Methods. Seventy ESRD patients receiving standard HD three times per week were studied at the start and end of a 3-day and a 2-day interdialytic interval. At each time point, applanation tonometry of peripheral arteries was performed to assess arterial stiffness and wave reflection parameters. Aortic and brachial pulse wave velocities (PWV) were recorded as measures of arterial stiffness and augmentation index (AIx) as a measure of wave reflections. Results. AIx, heart-rate-adjusted AIx and augmentation pressure were significantly increased during both interdialytic intervals, whereas aortic and brachial PWVs remained unchanged. The interdialytic increases in all the three AIx parameters were significantly higher during the 3-day interval in comparison to the 2-day interval (P < 0.001 for all comparisons). In contrast, no significant differences in interdialytic changes of aortic (P = 0.355) and brachial (P = 0.319) PWVs were noted between the two intervals. Mixed linear model analysis revealed that central aortic systolic blood pressure (SBP) and body weight, but not aortic or brachial PWV, were independent determinants of the change in heart-rate-adjusted AIx throughout the study. Conclusions. AIx is increased between HD sessions, whereas arterial elasticity is not. This interdialytic increase in central wave augmentation is more pronounced during the 3-day interval, suggesting a mechanism possibly involved in the elevated cardiovascular risk of HD patients at this time point.
I N T RO D U C T I O N
Patients with end-stage renal disease (ESRD) have severely elevated risk for cardiovascular morbidity and mortality [1, 2] . Arrhythmia and cardiac arrest are the major causes of death in ESRD patients and their high prevalence has been attributed to a number of pathophysiological changes in these individuals, including left ventricular hypertrophy (LVH), intermyocardiocytic fibrosis and electrolyte imbalances. Thus, atherosclerosis, a primary intimal disease characterized by the presence of occlusive lesions in medium-sized muscular type arteries, only partially explains this cardiovascular burden [3] . In contrast, the spectrum of vascular alterations in renal failure is broader, and includes the process of arteriosclerosis, which mainly affects the media of aorta and large central arteries and has been gaining increased attention in recent years [3, 4] . Arterial stiffening is associated with changes in the blood pressure (BP) profile, i.e. increase in systolic BP (SBP) and elevated pulse pressure (PP), and is considered the principal mechanism for development of isolated systolic hypertension, LVH and decreased subendocardial perfusion [5, 6] . Increased arterial wave reflections from the periphery leading to augmentation of central SBP also contribute to the development of isolated systolic hypertension, increase left ventricle oxygen requirements and predispose to LVH in patients with ESRD [7] [8] [9] . Therefore, prospective cohort studies in ESRD populations have demonstrated that arterial stiffness and increased arterial wave reflections represent a strong and independent predictor of cardiovascular and total mortality [9, 10, 11] .
Hospital-or unit-based maintenance haemodialysis (HD) in ESRD patients is conventionally performed worldwide three times per week, with one long interdialytic interval (about 3 days) prior to the first dialysis session of the week and two intervals shorter in duration (∼2 days) prior to the second and the third weekly dialysis sessions. On the basis of the limited capacity of chronic HD patients to maintain homeostasis of metabolic and volume-related parameters during the interdialytic period, it was previously hypothesized that the long interdialytic interval may be related to the elevated risk of death [12] . A recent longitudinal study investigating this research question provides support to this hypothesis, showing that cardiovascular-related hospital admissions and fatal events occurred more frequently on the day after the long (3-day) interdialytic interval in comparison to any other day in HD patients [13] .
The underlying mechanisms responsible for this increased cardiovascular risk at the end of the long interdialytic interval remain largely unclear. Previous studies on acute changes of arterial cushioning function in ESRD patients evaluated mostly the effects of a single HD procedure on arterial stiffness and/or wave reflections [14, 15] . To this end, we have previously shown that during HD, pulse wave velocity (PWV) is not affected but augmentation index (AIx) and central BPs significantly decrease, possibly following reduction of peripheral wave reflections [16] . However, the effects of interdialytic interval on wave reflections were investigated only in one older study reporting changes in the AIx during a 2-day interval [17] . That study did not include simultaneous determination of aortic PWV and did not examine the impact of the 3-day interdialytic interval [17] .
In this context, the present study aimed to examine in ESRD patients receiving conventional thrice weekly HD treatment: (i) whether arterial stiffness and peripheral wave reflections are affected during the interval between two subsequent dialysis sessions and (ii) whether there are any differences in interdialytic changes of the above parameters between the long (3-day) and short (2-day) intervals.
M AT E R I A L S A N D M E T H O D S
Study subjects A total of 70 stable ESRD patients on maintenance HD participated in this study. All patients were receiving standard renal replacement treatment in the hemodialysis units of the AHEPA University Hospital and General Hospital of Serres, using standard bicarbonate HD solutions and synthetic membranes, aiming at a dialysis dose with spK t /V > 1.2. The study protocol was approved by the Ethics Committee of the Medical School of Aristotle University of Thessaloniki and all protocol procedures were conducted in accordance with the Declaration of Helsinki (2000 Amendment). All subjects provided informed written consent prior to study enrolment. This research protocol also included as prespecified secondary endpoints the acute effects of the HD procedure on arterial stiffness and wave reflections; the latter have been published elsewhere [16] .
Screening evaluation for candidate patients included recording of medical history, physical examination and routine laboratory tests. The inclusion criteria consisted of (i) ESRD under standard HD therapy with three dialysis sessions per week; (ii) patients being on HD for at least 3 months prior to study enrolment and (iii) patients to have given informed written consent. Patients were excluded from the study in the case of: (i) cardiovascular instability during HD (symptomatic intradialytic hypotension requiring intravenous saline infusion in >5% of dialysis sessions over the proceeding 6 months); (ii) chronic atrial fibrillation or other cardiac arrhythmia; (iii) myocardial infraction or unstable angina in the three previous months prior to study enrolment; (iv) congestive cardiac failure stage III-IV according to the New York Heart Association classification; (v) evidence of peripheral occlusive arterial disease; (vi) history of malignancy or any other clinical condition associated with poor prognosis; (vii) presence of artery-vein anastomoses for previous arteriovenous fistula at the contralateral arm from the one currently used for dialysis access.
Study protocol
As shown in Figure 1 , all eligible patients were studied at four time points on three consecutive dialysis days in order to capture a long (3-day) interdialytic interval prior to the first dialysis session of the week (time point 1: Friday or Saturday, 1 hour after the completion of the third dialysis session of the previous week; time point 2: Monday or Tuesday, 1 hour before the initiation of the first dialysis session of the week) as well as a regular 2-day interdialytic interval prior to the midweek dialysis session (time point 3: Monday or Tuesday, 1 hour after the completion of the first dialysis session of the week; time point 4: Wednesday or Thursday, 1 hour before the initiation of the mid-week dialysis session). At each time point, anthropometric measurements and peripheral BP recordings at the brachial artery level were obtained at the non-fistula arm, using a conventional sphygmomanometer. Central haemodynamic parameters and indices of arterial stiffness and wave reflections were determined by applanation tonometry of peripheral arteries, using a SphygmoCor device. Antihypertensive medications or any other background treatment of study participants remained completely unchanged throughout the weekly period of the study. In addition, all participants were strictly advised to receive their medications in the same manner in terms of timing and dosing on all three dialysis days, in which protocol procedures were undertaken. All measurements were performed in a quiet room at a controlled air temperature (∼22°C). At each dialysis day, patients underwent the regular HD procedure, during which volume withdrawal was programmed according to their routine dry weight, estimated by the standard clinical criteria.
Study assessments Peripheral BP. Peripheral BP was measured at the level of brachial artery with a conventional sphygmomanometer and a cuff of proper size in the sitting posture after a 10-min rest, according to the guidelines [18] . Three BP measurements with at least 1-min interval between them were obtained at the arm not currently used for dialysis access and the mean of these measurements was included in our analysis. Phase I and V Korotkoff sounds were recorded for SBP and diastolic BP (DBP), respectively. Brachial PP was calculated as SBP minus DBP and brachial mean arterial pressure (MAP) with the formula [(DBP*2) + SBP]/3 [18] .
Arterial stiffness. Arterial stiffness was assessed by measuring aortic and brachial PWVs with the use of the validated and commercially available SphygmoCor device (PWV and BP analysis system, ArtCor, Sydney, Australia). PWV measurements were
based on the principle of applanation tonometry of peripheral arteries, using a sensitive pencil-type tonometer (SPT-301, Millar Instruments) in order to obtain pulse waveforms from the recording sites [19, 20] . To determine PWV, we recorded pulse waveforms at two sites sequentially: carotid-femoral for aortic PWV and carotid-radial (non-fistula arm) for the brachial PWV. Waveforms were referenced to a concurrently recorded ECG, and the wave transit time was calculated from the system software, according to the foot-to-foot time difference between carotid-femoral and carotid-radial waveforms [19, 20] . The body surface distance from supra-sternal notch to each recording site was measured, and the total transit distance (D) travelled by pulse waves was calculated by subtracting the distance from the carotid location to the sternal notch from the distance between the sternal notch and the peripheral site of measurement [19, 20] . The PWV was calculated as PWV = D/t, where t is the transit time of pulse wave between the recording sites. We measured PWV over 10 consecutive heartbeats to cover a complete respiratory cycle. The average of three valid measurements was used in the analysis.
Pulse wave analysis. Central aortic pressures and AIx, a composite index of wave reflections and arterial stiffness, were calculated by performing radial artery applanation tonometry with the pencil-type probe described above [6, 20] . In brief, as shown in Figure 2 , central aortic BP was derived from radial artery recordings with the use of a generalized radial-to-aortic transfer function, which provides an accurate estimate of the central arterial pressure waveform (SphygmoCor, ArtCor, Sydney Australia) [6, 20] . Radial artery pressure waveforms were calibrated according to sphygmomanometric SBP and DBP measured at the level of brachial artery, as described elsewhere [6, 20] . Augmentation pressure was calculated as the difference between the second and the first systolic peaks and reflects the pressure added to the incident pulse wave by the reflected wave returning back to the ascending aorta. AIx was 
O R I G I N A L A R T I C L E
L o n g i n t e r d i a l y t i c i n t e r v a l a n d a r t e r i a l c u s h i o n i n g f u n c t i o n calculated as augmentation pressure divided by central aortic PP and was expressed as a percentage [6, 20] . The Subendocardial viability index (SEVI) was calculated by the system software according to the equation: diastolic pressure time index/ systolic tension time index, and represents a measure of the balance between the myocardial oxygen supply and demand [21] .
Statistical analysis
Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS) version 17.0 for windows XP (SPSS Inc, Chicago, Illinois, USA). Descriptive data (Table 1) are expressed as mean ± standard deviation (mean ± SD) for continuous variables and absolute and relevant frequencies for categorical variables. Continuous variables in various comparisons are presented as mean ± standard error of the mean (mean ± SEM). Paired Student's t-tests or Wilcoxon's signed-rank tests were used, according to the normality of the distribution of each variable, for comparisons between the start and the end of each interdialytic interval. Paired Student's t-tests or Wilcoxon's signed-rank tests were also used, for comparisons between the 3-day interdialytic interval and the regular 2-day interval. Bivariate correlation coefficients (r) were calculated using the Pearson's product formula, to examine for possible associations between changes of the parameters under study. Mixed linear model analysis was also performed in order to evaluate possible determinants of the change in heart-rate-adjusted AIx during the interdialytic periods. A P value level <0.05 (two-tailed) was considered statistically significant.
R E S U LT S
Demographic characteristics, routine (mid-weekly) pre-dialysis biochemical parameters and other dialysis-related variables of study participants are presented in Table 1 . The mean age of study subjects was 56.5 ± 13.7 (mean ± SD) years; 32.8% of the patients had been receiving HD treatment for 1 year or less prior to study enrolment and 34.3% were women. Body weight, peripheral and central aortic pressures, wave reflection and arterial stiffness parameters did not differ significantly between the start of the 3-day and the start of the 2-day interdialytic intervals.
As shown in Table 2 , body weight was elevated during both interdialytic intervals, but weight gain was significantly higher during the 3-day period prior to the first dialysis session of the week than during the 2-day interval prior to the mid-week session. Peripheral SBP and PP at the level of brachial artery were significantly elevated during the 3-day and the 2-day intervals (Table 2) . Similarly to brachial pressures, significant increases in central aortic SBP and PP levels were noted at the end of both interdialytic intervals under study (Table 3 ). In contrast, brachial and central aortic DBP was not significantly changed on both occasions. Changes in MAP also did not significantly differ between the 3-day and 2-day intervals, whereas the heart rate significantly decreased during both periods studied. Of note, interdialytic changes in peripheral and central SBP and DBP did not differ significantly between the 3-day and the 2-day intervals (Tables 2 and 3 ). 
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During the interdialytic periods, a significant increase in wave reflections from peripheral sites should have taken place, as AIx, heart-rate-adjusted AIx and augmentation pressure were significantly elevated between the start and the end of both intervals studied (Table 3) . In contrast to wave reflections, no significant changes in aortic and brachial PWV levels were observed during the interdialytic periods on either occasion. As shown in Table 3 and Figure 3 , the interdialytic changes in AIx, heart-rate-adjusted AIx and augmentation pressure were significantly higher during the long (3-day) interval in comparison to the relevant changes during the regular (2-day) interval. The difference in changes of heart-rate-adjusted AIx after adjustment for changes in body weight between the long and the regular interdialytic intervals remained statistically significant (P < 0.05). In contrast, no significant differences in changes of aortic and brachial PWV levels were evident between the 3-day and the 2-day interdialytic intervals. Furthermore, a significant increase in ejection duration along with a decrease in SEVI levels was observed during both interdialytic periods studied. SEVI levels exhibited a more pronounced fall during the 3-day interval than during the 2-day interval (Table 3 ). However, after adjusting for interdialytic changes in either AIx or heart rate, the difference in fall of SEVI levels between the long and the regular interdialytic intervals did not remain statistically significant (P = 0.420 and P = 0.177, respectively).
In an attempt to identify possible factors associated with the interdialytic increase in wave reflections from peripheral sites, we performed exploratory correlation and mixed linear model analyses in all occasions studied. Among several variables studied, changes in heart-rate-adjusted AIx during the interdialytic interval showed significant associations with the interdialytic changes in peripheral SBP at the brachial artery level (r = 0.400, P < 0.001), central aortic SBP (r = 0.475, P < 0.001) and interdialytic weight gain (r = 0.195, P < 0.05) ( Figure 4 ). As shown in Table 4 , mixed linear model analysis revealed that brachial SBP, central aortic SBP, body weight and ejection duration were independent determinants of the change of heart-rate-adjusted AIx throughout the study, whereas both aortic and brachial PWVs did not exhibit significant interaction with the interdialytic change in arterial wave reflections from peripheral sites.
D I S C U S S I O N
The present study is the first to evaluate changes in large artery elasticity, reflecting properties of peripheral arterial sites HD, haemodialysis; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; AIx, augmentation index; PWV, pulse wave velocity; SEVI, subendocardial viability index. Data are presented as mean ± standard error of mean (mean ± SEM).
during different interdialytic intervals and examining possible differences in the above parameters between the 3-day and 2-day interdialytic periods. Our findings suggest an increase in wave reflections from peripheral sites between the start and the end of each interdialytic period, which was independent from large artery elasticity, as aortic and brachial PWV remained unchanged during both intervals under study. Most importantly, the present study showed for the first time the presence of a more pronounced interdialytic increase in wave reflection parameters during the long 3-day interval prior to the first dialysis session of the week in comparison to a regular 2-day interdialytic interval. Only one previous study [17] attempted to investigate the arterial cushioning function during the interdialytic interval in HD patients; it provided important data, but being executed at the early days of arterial cushioning function investigations, it did not include simultaneous assessment of aortic PWV, which is a direct measure of arterial stiffness and examined only changes during a regular 2-day interval. At that study, the F I G U R E 4 : Correlation analysis between interdialytic changes in heart-rate-adjusted AIx and interdialytic changes in (a) brachial systolic blood pressure (SBP) (r = 0.400, P < 0.001), (b) central aortic SBP (r = 0.475, P < 0.001), and (c) body weight (r = 0.195, P < 0.05).
F I G U R E 3 :
Comparison of changes in (a) AIx, (b) heart-rate-adjusted AIx and (c) augmentation pressure between the long (3-day) interdialytic interval prior to the first dialysis session of the week and the regular (2-day) interdialytic interval prior to the mid-week dialysis session.
investigators recorded AIx after the mid-week dialysis and 24-and 48-h later, and observed a gradual interdialytic increase in AIx levels up to the pre-dialytic values [17] . We simultaneously examined PWV and AIx parameters to assess both large artery elasticity and wave reflections and observed increases in AIx coupled by absence of changes in arterial stiffness, as aortic and brachial PWV remained unchanged in both interdialytic intervals studied. Further, mixed linear model analysis showed that changes in heart-rate-adjusted AIx throughout the study were independent from both aortic and brachial PWV. This findings suggest that the interdialytic increase in heart-rate-adjusted AIx levels cannot be attributed to the early return of the wave reflected back to the ascending aorta, as large artery elasticity remain unchanged, but to other factors affecting the reflecting properties of peripheral sites. This is generally in agreement with previous studies recording both PWV and AIx acute changes during the dialysis session, which showed a decrease in AIx and related parameters but no change in PWV during dialysis [15, 16] .
Correlation analysis showed positive associations between the change in heart-rate-adjusted AIx and changes in peripheral and central aortic SBP levels during the interdialytic interval. Therefore, BP changes can be a factor affecting the amplitude of the wave reflected at peripheral sites during the interdialytic interval. Of note, that changes in MAP did not significantly differ between the 3-day and 2-day intervals, the higher increase in wave reflections seen in the long interdialytic period may suggest alterations at the level of small arteries, which result in elevated wave reflection co-efficient, without modification of the total peripheral resistance. In addition, interdialytic changes in heart-rate-adjusted AIx exhibited significant association with interdialytic weight gain, suggesting a potential role of interdialytic sodium and volume accumulation on wave reflections. Interdialytic weight gain may affect wave reflections through BP-dependent pathways, as clinical studies have shown interdialytic weight gain to be a major determinant of interdialytic ambulatory BP pattern and predialysis BP in ESRD patients receiving HD [22, 23] . Moreover, mechanisms independent of BP may be involved in the interrelation between interdialytic weight gain and wave reflections [24] . Clinical studies using bioimpedance analysis techniques to assess total body fluid distribution suggested a BP-independent association between extracellular fluid-to-intracellular fluid (ECF/ICF) ratio and AIx levels on chronic HD patients [25] . Further, previous animal experiments have shown high dietary sodium intake to increase pressure-induced tone and decrease flow-mediated dilatation in resistance arteries and arterioles of spontaneously hypertensive rats [24, 26, 27] . To this end, sodium and volume increase during the interdialytic period may induce peripheral vasoconstriction, leading to modification of reflecting properties of peripheral sites.
The most important finding of the present study is perhaps that the interdialytic increases in AIx and related parameters are significantly higher during the long 3-day than the regular 2-day interdialytic interval. As the weekly schedule of hospital-or unit-based HD sessions was historically formed due to administrative reasons, there have been concerns that the long interdialytic interval may be associated with complications, albeit with little evidence [9, 28] . A recently published longitudinal study evaluating 32 065 participants with ESRD over a mean follow-up period of about 2.2 years showed that the rates of death and cardiovascular-related hospital admissions were significantly higher on the day following the long 3-day interdialytic interval in comparison with the relevant event rates on any other day [13] . The authors concluded that the long interdialytic period is associated with heightened risk of death in ESRD patients receiving conventional HD, and suggested that this increased risk could be related to the limited capacity of these patients to maintain the homeostasis of metabolic and volume-related parameters during the interdialytic interval [13] . The results of our study showing significantly higher amplitude of wave reflections from peripheral sites at the end of the 3-day interval provide a mechanism that could possibly mediate some of the adverse effects of the 3-day interdialytic period, among several other pathophysiological changes. According to the results of the mixed-model analyses and although cause-and-effect associations cannot be established, factors like fluid accumulation and BP elevation may take part in the amplification of wave reflections. Increased wave reflections from the periphery have been associated with elevated peak-systolic and end-systolic pressures in the ascending aorta, leading to increased myocardial pressure load and myocardial oxygen demand [5, 29] . Further, early wave reflections from the periphery during systole decrease central aortic diastolic pressures, resulting in reduced subendocardial blood flow during diastole [5, 29] . Although the present study followed a careful design and included repeated measurements of both arterial stiffness and wave reflection parameters in an attempt to adequately capture all parameters involved in arterial cushioning function, there are still some methodological limitations that have to be mentioned. First, patient evaluation was performed shortly before and after dialysis sessions, as in all studies investigating arterial stiffness in relation to HD [14, 15, 17] . In addition, determination of arterial stiffness and wave reflection parameters was performed with the use of the indirect method of applanation tonometry of peripheral arteries, as in all relevant studies [14, 15, 17] ; this method has not been validated in renal patients, but is widely accepted in both clinical practice and research and has been shown to be highly reproducible in patients with ESRD [30] . Further, the effect of the long and short interdialytic intervals on parameters under study was not evaluated through randomization, but in the consecutive order; although this may introduce investigator bias, we believe that it minimizes the effect of known and unknown confounding variables common in ESRD patients that could not be balanced if our population was randomized in two groups, a fact that may have affected the results.
In conclusion, the present study showed for the first time increases in wave reflections from peripheral sites during the interdialytic intervals but absence of changes in the PWV. Acute volume accumulation and changes in BP between the dialysis sessions were shown to be associated with the amplitude of the wave reflected in the periphery. Importantly, this interdialytic increase in wave reflections was more pronounced during the 3-day than during the 2-day interdialytic interval. These data provide a mechanism that could be involved in the recently highlighted issue of increased cardiovascular risk of ESRD patients at the end of the long interdialytic interval. Future research efforts will be required in order to fully elucidate the issue of possible adverse effects of timing and the frequency of the renal replacement therapy in ESRD patients receiving conventional HD.
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